Background: Nowadays, the anterior cruciate ligament (ACL) injury has been one of the most common diseases of the knee joint. The relationships between the ACL injury and the anatomical structures are still controversial. This study aimed to identify the anatomical risk factors of ACL injury by magnetic resonance imaging (MRI) of the knee. Methods: This was a retrospective study of 125 patients undergoing primary ACL reconstruction between July 2013 and May 2017. Another 125 patients without any organic knee joint injury were served as controls. The shape of intercondylar notch, the intercondylar notch width index, the intercondylar notch height index, the α angle, the β angle, and the medial and lateral tibial plateau slope were measured with MRI and compared. The data were compared by binary logistic regression to find the risk factors. Results: The two groups differed in the proportion of male patients (70.4% vs. 52.0%, χ 2 = 8.911, P = 0.003), but gender was excluded as a risk factor for ACL injury with regression analysis (odds ratio = 1.476, 95% confidence interval [CI]: 0.689-3.160, P = 0.317). The injured group was found to have a smaller notch width index (95% CI = 7.960E-23-2.154E-9, P < 0.001), a larger β angle (95% CI = 1.311-1.785, P < 0.001), and a larger lateral tibial plateau slope (95% CI = 1.201-1.683, P < 0.001). The cutoff values of notch width index, β angle, and the lateral tibial plateau slope were 0.252, 38.5°, and 7.5°, respectively. Conclusions: In this study, a narrow intercondylar notch (intercondylar notch width index <0.252), a larger lateral tibial slope (>7.5°), and larger β angle (>38.5°) might be the factors associated with ACL injury. Trial Registration: ChiCTR-RRC-17014116; http://www.chictr.org.cn/showproj.aspx?proj=24119. This is an open access journal, and articles are distributed under the terms of the Creative Commons Attribution-NonCommercial-ShareAlike 4.0 License, which allows others to remix, tweak, and build upon the work non-commercially, as long as appropriate credit is given and the new creations are licensed under the identical terms.
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The anterior cruciate ligament (ACL) is one of the major stabilizers of the knee joint. In addition, it is one of the most commonly injured ligaments of the knee joint. Because of the high incidence of sequelae resulting from ACL injuries, including pain, instability, articular cartilage injury, and posttraumatic osteoarthritis, [1, 2] various studies have attempted to identify the risk factors of ACL injuries, including sex, femoral intercondylar notch dimension, ACL size, and joint laxity. [3] [4] [5] [6] [7] Magnetic resonance imaging (MRI) is the most efficient and noninvasive method for the diagnosing ACL injuries and observing knee morphology. [8] Recently, an increasing number of studies have used MRI technology to evaluate the various anatomical aspects of the knee joint, [9] [10] [11] [12] such as the increased tibial plateau slope and the intercondylar notch type. [13] [14] [15] [16] [17] [18] In the early years of ACL research, many clinical studies and high-quality meta-analyses were conducted to identify the association between the tibial slope and ACL injury, but the results were inconsistent. [13, 14, [19] [20] [21] [22] Several studies found differences in the anatomic risk factors between men and women. [11, 23] In addition, one study suggested that the medial tibial plateau slope and lateral tibial plateau slope should be measured separately due to their opposite effects on ACL injury. [24] Similarly, there have been conflicting reports about the association between the shape of the femoral condyle and ACL injury. [13, 18, [25] [26] [27] [28] [29] In addition, van Eck et al. [18] suggested that ACL injury was associated with the shape of the femoral notch, Al-Saeed et al. [8] found that a Type A femoral notch was a risk factor for ACL injury, while a small femoral notch width index was not a risk factor for ACL injury. Type A was described as a narrow notch that resembled an acute triangle. Moreover, Alentorn-Geli et al. [13] suggested that the intercondylar notch angle may be a better parameter to evaluate notch narrowing and its potential association with ACL injuries than the notch width.
Because of the conflicting opinions about anatomical structures, the purpose of this study was to determine the relationship between anatomic structures and ACL injury and to identify the risk factor which was the most clinically relevant risk factor. The investigated structures include the intercondylar notch index, intercondylar notch height index, α angle (notch angle), β angle (formed by the Blumensaat line and the long axis of the femur), medial tibial plateau slope, and lateral tibial plateau slope.
methoDs

Ethical approval
This study was approved by the Ethics Committee of the Second Affiliated Hospital of Soochow University (No. JD-LK-2017-022-01). As a retrospective study and data analysis were performed anonymously, this study was exempt from the informed consent from patients.
Patient selection
This study was a retrospective review of patients who underwent primary ACL reconstruction in our hospital between July 2013 and May 2017. In total, 235 patients underwent primary ACL reconstruction; patients with the following criteria of knee injury were excluded from the study: (1) suspicious ACL rupture; (2) other ligament injuries, such as the posterior cruciate ligament and medial collateral ligament; (3) skeletal dysplasia; (4) knee joint valgus or varus deformity; (5) fracture history of the knee joint; (6) osteoarthritis; (7) history of knee surgery; or (8) no MRI images. Finally, 110 patients (20 patients with medial collateral ligament injury, 58 patients with fracture history, 19 patients with osteoarthritis, and 13 patients without MRI images) were excluded due to the exclusion criteria. Thus, 125 patients with ACL injuries and 125 control patients with an MRI-confirmed absence of an organic knee joint injury (no evidence of ACL injury, meniscus injury, fracture, etc., on MRI images) were included in this study. The diagnosis of the ACL injury was confirmed by arthroscopic examination, which is the gold standard. (The study included eight independent variables, and the number of the study was more than 20 times of the number of the independent variables.)
Patient exclusion criteria
Patients who met the following knee injury criteria were excluded from the study: (1) suspected ACL rupture; (2) other ligament injuries, such as the posterior cruciate ligament and medial collateral ligament; (3) skeletal dysplasia; (4) knee joint valgus or varus deformity; (5) fracture history of the knee joint; (6) osteoarthritis; (7) history of knee surgery; or (8) no MRI images.
Measurement of the anatomical indexes of the knee joint
The MR images were acquired on an Esaote Dedicated MRI 0.25T G-scan (Italy), and we download the images from our institute's Picture Archiving and Communication System. We obtained the axial images on T1-weighted image (T1WI) with a repetition time (TR) of 800 ms, an echo time (TE) of 14 ms, and a 4-mm slice thickness at every 0.4-mm advance. The sagittal images were obtained on T1WI with a TR of 850 ms, an TE of 26 ms, and a 4-mm slice thickness at every 0.4-mm advance and on T2WI with a TR of 2800 ms, an TE of 80 ms, and a 4-mm slice thickness every 0.4-mm advance.
The method used to locate the reference line on the axial plane is shown in Figure 1 ; the reference line was drawn between the condylar ends across the most distal aspect of the femur. As described by Souryal et al., [30] the femoral condylar width was measured along a line through the popliteal groove parallel to the reference line [ Figure 2 ]. The height of the femoral condylar was the distance from the peak of the lateral femoral condylar to the reference line [ Figure 2 ]. The intercondylar notch height was equal to the maximum height of the notch (from the peak of the notch to the reference line) [ Figure 2 ]. The intercondylar notch width was measured at the borders of two-thirds of the intercondylar notch height [ Figure 2 ]. The α angle was measured as the inclination of the two lines (from the peak of the notch to the most inferior aspect of the notch at the medial and lateral condyles). We drew a line B parallel to the reference line C, and the line B was the tangent of the notch; the point A was the apex of the notch [ Figure 3 ]. The shape of the intercondylar notch was classified as Type A, Type U, and Type M, according to van Eck et al. [18] Same to the above description, Type A was described as a narrow notch that resembled an acute triangle. In Type U, the apex was wider than that of Type A. Type M had two apices, which distinguished it from the other two types, and was also wider [ Figure 4 ].
On the sagittal MRI, in a sagittal section where the entire Blumensaat line was seen, then we drew two circles, one that was tangent to the distal, anterior, and posterior femur edges and another that was tangent to the anterior and posterior femur edges. The line connecting the centers of the two circles was defined as the long axis of the femur [ Figure 5 ]. The β angle was measured as the angle formed by the Blumensaat line and the long axis of the femur [ Figure 6 ]. [26] To measure the medial and lateral tibial plateau slopes, we chose the sagittal slice that clearly showed the intercondylar eminence and the attachment of the posterior cruciate ligament. Then, we drew two circles, one that was tangent to the proximal, anterior, and posterior tibial edges and another that was tangent to the anterior and posterior tibial edges. The line connecting the centers of the two circles was defined as the longitudinal tibial axis [31] [ Figure 7 ]. Finally, the inclination of the perpendicular line of the longitudinal tibial axis and tangent to the medial tibial plateau was the medial tibial slope. The lateral tibial slope was measured using a similar method [ Figures 8 and 9 ].
Statistical analysis
The data analysis consisted of descriptive statistics and regression modeling. The differences of the age between two groups were compared by rank-sum test. The differences in the male: female ratio and the number of each type of shape of the intercondylar notch between the two groups were compared by the Chi-square test. Before the logistic analysis, a single factor analysis was conducted to compare the measurements between ACL-injured and noninjured groups. The relationships between ACL injury and potential risk factors including age, sex, notch shape, notch width index, notch height index, α angle, β angle, medial tibial slope, and lateral tibial slope were assessed by binary logistic regression analysis. In that analysis, the dependent variable was defined as ACL status (0 = normal; 1 = injury). The statistical significance of the coefficients in the regression equation was determined with the Wald test. Odds ratios (ORs) and their respective 95% confidence intervals (CIs) were also estimated. Receiver operating characteristic (ROC) curves were prepared from the measured MRI data to determine the cutoff values. All statistical analyses were performed using SPSS 24.0 (SPSS Inc., Chicago, IL, USA), and a value of P < 0.05 was considered statistically significant.
results
There were 125 ACL injury patients and 125 controls. There was no age difference between the groups (30.8 ± 10.0 vs. 32.4 ± 9.7 years, Z = 1.458, P = 0.145). The demographic data, injury side data, and the notch shape proportions are shown in Table 1 . There were more males in the injury group (70.4% vs. 52.0%, χ 2 = 8.911, P = 0.003), but the gender was not identified as a risk factor in the logistic regression analysis (odds ratio [OR] = 1.476, 95% confidence interval [CI]: = 0.689-3.160, P = 0.317) [ Table 2 ]. The side of the injury was also not different between the two groups ( χ 2 = 0.400, P = 0.527). The proportion of Type A intercondylar notches observed in the injured group was larger than that in the control group (54.4% vs. 36.8%, χ 2 = 7.804, P = 0.005). The single factor analysis was shown in Table 3 . From the Table 2 . From the table, the notch width index (OR = 4.141E-16, 95% CI = 7.960E-23-2.154E-9, P < 0.001), β angle (OR = 1.530, 95% CI = 1.311-1.785, P < 0.001), and lateral tibial slope (OR = 1.422, 95% CI = 1.201-1.683, P < 0.001) were identified as significant risk factors for ACL injury.
To obtain the cutoff values for the four factors, the ROC curves were generated [ Figure 10 ]. The cutoff values of the notch width index, β angle, and lateral tibial plateau slope were 0.252, 38.5°, and 7.5°, respectively. The sensitivity and specificity were 83.2% and 60.8% for the cutoff value of the notch width index, 88.8% and 56.8% for the cutoff value of the β angle, and 56.8% and 88.8% for the cutoff of the lateral tibial plateau slope, respectively. 
DisCussioN
In this study, we found that a narrower intercondylar notch (<0.252, sensitivity and specificity were 83.2% and 60.8%, respectively) with a larger β angle (>38.5°, sensitivity and specificity were 88.8% and 56.8%, respectively) and lateral tibial slope (>7.5°, sensitivity and specificity were 56.8% and 88.8%, respectively) were associated with an increased risk of ACL injury. The β angle appeared to be the most important risk factor for predicting ACL injury. The findings of this study agreed with those of previous studies. Zeng et al. [32] conducted a meta-analysis, and the results showed that a smaller notch width index predisposes an individual to ACL injury; the level of evidence was III. A case-control study performed by O'Malley et al. [15] showed a moderate relationship between an increased posterior tibial slope and ACL injury, and the level of evidence was also III. Furthermore, a case-control study performed by Webb et al. [33] showed that an increased tibial slope is associated with increased odds of further ACL injury after ACL reconstruction. In the present study, we further demonstrated that the lateral tibial slope but not the medial tibial slope was associated with ACL injury.
In the present study, we found that the β angle could be the most important risk factor for predicting ACL injury. There have been few studies on the relationship between the β angle and ACL injury. Fernández-Jaén et al. [26] conducted a casecontrol study and found that ACL injury was associated with a large β angle; they proposed that the risk for ACL injury was multifactorial and that the β angle might not be the sole cause of ACL injury. In this study, we measured the β angle on MRI images and logistic regression analysis showed a clear correlation with ACL injury.
A larger β angle may result in the ACL being more horizontal, therefore causing more ACL impingement against the anterior intercondylar notch, leading to more ACL injury. Similarly, there is less impingement when the β angle is decreased because the ACL is in a more vertical position.
[26] However, Bouras et al. [34] did not find a convincing relationship between β angle and ACL injury. Because we could easily measure the β angle on MRI images, we believe that surgeons should pay more attention to patients with larger β angles, and more biomechanical studies on the effects of a larger β angle should be conducted in the future.
There has been extensive discussion regarding the relationship between ACL injury and the tibial slope which remained controversial. [13, 14, 21] Alentorn-Geli et al. [13] suggested that an increased posterior tibial slope may be associated with The way to measure notch angle. We drew a line B parallel to the reference line C, and the line B was the tangent of the notch; the point A was the apex of the notch. The α angle was measured as the inclination of the two lines (from the peak of the notch to the most inferior aspect of the notch at the medial and lateral condyles).
ACL injury in male patients, but the association between ACL injury and the angle formed by the Blumensaat line and the anterior tibial slope in male patients requires more investigation. Dare et al. [14] found that the lateral tibial slope was significantly associated with an increased risk of ACL injuries in pediatric and adolescent patients. Some studies have shown a relationship between ACL injury and the tibial slope, but the findings were inconsistent and controversial. The results of a meta-analysis on the topic were also inconclusive [19] although there could be an association in males. [35] From the biomechanical viewpoint, an increased tibial slope may generate greater translational force that could result in increased anterior motion of the tibia. It is known that a major role of the ACL is to prevent anterior tibial motion. Thus, an increased tibial slope may lead to increased tension of the ACL and even ACL rupture. [36] In this study, the lateral tibial slope was identified as an associated risk factor for ACL injury (OR = 1.422, 95% CI = 1.201-1.683, P < 0.001). In addition, the ROC curve showed that the cutoff value was 7.5°, and the sensitivity and specificity for the cutoff value of it were 56.8% and 88.8%, respectively. Although the cutoff value in the study seemed somewhat small, it is important to recognize that multiple factors contribute to ACL injury and that the knee joint acts as a whole in the extension and flexion.
In the study, we found that the intercondylar notch shape did not contribute to ACL injury (P = 0.867), although the proportion of Type A intercondylar notches observed in the injured group was larger than that in the control group (P = 0.005). A Type A intercondylar notch is a narrow intercondylar notch. van Eck et al. [18] classified the type of intercondylar notch into the three types used in this study, namely Type A, Type U, and Type M. The relationship between notch type and ACL injury has been controversial. Osama et al. [8] found that the Type A notch appeared to be a risk factor for ACL injury. Keays et al. [37] found that a Type A notch may also be a contributing factor to ACL injuries in siblings. Because the cause of the ACL injury is multifactorial, while several studies have been conducted to confirm the relationship between notch type and ACL injury, but the results have been conflicting. [38] [39] [40] We did not find that the α angle contributed to the increased risk of ACL injury (OR = 0.963, 95% CI = 0.905-1.024, P = 0.231).
There have been only a few studies on this relationship, and the results of those studies were also conflicting. Anderson et al. [42, 43] found that a notch angle less than or equal to 50° may lead to the ACL injury. To identify the reliability of the notch angle in predicting ACL injury, Stein et al. [41] and Al-Saeed et al. [8] conducted a study and proposed that if the notch resembled "Ω," then they could confirm that the boom length was small and that the notch width was larger. Therefore, Alentorn-Geli et al. [13] suggested that the notch angle was a better parameter to use to evaluate notch narrowing. In order to remove the age effect on the bone morphology, we divided the patients according to age groups. As shown in Table 2 , there was no correlation of age group with ACL injury.
This study had some limitations. First, this was a retrospective study, so we had no chance to use an MRI scans of the patients' other intact knees as the images of controls. Second, there could exist a selection bias with regard to the difference in gender between the study group and control group. Third, the analysis was not adjusted for many extrinsic and intrinsic factors of the knee joint. In conclusion, a narrow intercondylar notch (intercondylar notch width index <0.252), a larger β angle (>38.5°), and a larger lateral tibial slope (>7.5°) are risk factors in predicting likelihood for ACL injury. The β angle might be the factor with the strongest prediction for ACL injury. 
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